Abstract-The study of isolated AC microgrid has been under high interest due to the integration of renewable energy resources especially for remote areas, or to improve the local energy reliability. The current trend is oriented to distributed renewable energy sources and their corresponding energy storage system, in order to smooth the variations at the prime energy generator. In this paper, a decentralized strategy based on fuzzy logic is proposed in order to balance the state of charge of distributed energy storage systems in lowvoltage three phase AC microgrid. The proposed method weights the action of conventional droop control loops for battery based distributed energy storage systems, in order to equalize their stored energy. The units are selfcontrolled by using local variables, hence, the microgrid can operate without communication systems. Frequency and voltage bus signaling are used in order to coordinate the operation of the microgrid under different stages for charging batteries. Simulation results show the feasibility of the proposed method.
I. INTRODUCTION
The integration of Renewable Energy Sources (RES) such as photovoltaic (PV) and wind turbine generators (WTG), in order to use clean and renewable energy instead of traditional coal, oil and other non-renewable energy resources, has been under rapid development in the world nowadays. A microgrid appears as an effective solution for interconnecting RES, energy storage systems (ESS) and loads as controllable entities, which may operate in grid-connected or islanded mode, either in AC or DC configuration [1] , [2] . Particularly, islanded microgrids play and important role when economic and environmental issues do not allow an interconnection with the main grid [1] , [3] . Indeed, isolated microgrids become an additional challenge since the voltage and frequency are not imposed for the main grid. Therefore, every distributed energy resources has to cooperate in order to ensure the reliability, security and power stability of the local grid [4] , [5] .
However, the intermittent nature of RES, added together with unpredictable load fluctuations, may cause instantaneous power unbalances that affect ... the operation of the microgrid. Hence, ESS are required for ensuring the operating conditions of the power grid by smoothing the variations of RES [6] - [8] . In fact, there are two ways of integrating ESS (aggregated or distributed) [9] , [10] . At this sense different studies have been done in order to compare the performance of these two strategies. In general, some results show advantages in the distributed strategy [9] . Anyhow, the current trend is oriented to distributed ESS where an ESS is associated to its corresponding RES into an entity denoted as active generators (PV+ESS or WTG+ESS), as is shown in Fig. 1 . This configuration, aims to ensure constant power production when PV and WTG are used [11] , [8] , [12] , [6] . Commonly, in islanded microgrids the ESS are composed of banks of valve regulated leadacid (VRLA) batteries [1] , [13] - [15] .
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When a microgrid is composed by distributed ESS, a coordination to ensure stored energy balance between the units is required. This coordination aims to avoid deep-discharge in one of the ESS and over-charge in the others. Consequently, during the charging process, it is desirable to prioritize the charge of the unit with the smallest state of charge (SoC), and similarly, during the discharging process, the unit with the highest SoC should provide more power to the microgrid than the others in order to ensure stored energy balance [16] - [18] . Commonly, droop control strategies are used in order to achieve power sharing between units. Therefore, conventional control loops for power sharing at each ESS are complemented with stored energy balance control actions which adjust the droop coefficients in accordance to the SOC.
Different approach based on centralized and distributed strategies have been proposed for energy storage balance in distributed ESS for DC microgrids [13] , [15] , [19] - [22] . The main drawback of those strategies is that they are based on centralized control units, and they require the use of communication systems, which are not always suitable for decentralized configurations of a microgrid. A decentralized method for a DC microgrid has been proposed in [23] which does not use communication between units. However, in [23] the authors only consider the equalization process when the batteries are under discharge. In [24] authors consider a double quadrant method for DC microgrids which ensure SOC equalization for both charging and discharging process. Even so, those methods require the knowledge of the initial SoC at each unit in order to obtain adequate values for their parameters, and for ensuring the stability of the system. In the same way, in [25] a decentralized adaptive droop control have been proposed for equalizing the SoC of distributed ESS in DC microgrid. Nevertheless, in [25] it is required a previous knowledge about the characteristics of the others ESS in order to calculate the charge and discharge functions. On top of that, a strategy based on a fuzzy inference systems (FIS) was proposed previously for islanded DC microgrids [16] . This strategy assures good stored energy balance, and additionally it is absolutely modular, expandable. Indeed, centralized control and communications between units are not required. Another important issue to take into account, is that the proposed strategy takes into account the different stages required for charging an ESS based on batteries. Apart from that, it is important to consider how the battery charge process is coordinated with the operation of the others distributed energy resources into an islanded microgrid.
In this paper, the FIS proposed in [16] is adapted, applied and evaluated for an islanded AC microgrid. In this case, the proposed FIS weights the P − ω droop coefficients of the droop controllers in accordance with the SoC at each ESS. In particular, the implementation of this strategy implies additional challenges in the primary control loops since the AC microgrid has to deal with issues associated with synchronization, reactive power flows, and DC/AC conversion losses, which are not a concern in DC microgrids [20] . This paper is organized as follows: Section II describes the operation of the islanded microgrid under different control operation modes. Section III shows the design and operations of the proposed fuzzy strategy for stored energy balance. Section IV explain how the droop control loop for each RES is adjusted in order to ensure power sharing proportional to their maximum power. Finally, section V presents simulation results under different operational conditions. The proposed method is tested in a low voltage AC microgrid under islanded operation. Simulation results based on a MATLAB/Simulink model of the microgrid are presented to show the applicability and advantages of the proposed strategy. Finally, Section VI presents conclusions and perspectives for future works.
II. ISLANDED MICROGRID OPERATION
Normally, in an islanded microgrid all the power converters operate in voltage control mode (VCM) by following conventional droop control strategy, aimed to regulate the bus voltage and frequency and achieve good power sharing between units [26] . Droop control, enhances system reliability, expandability, and ensures the robustness without the use of external communication system [5] , [27] . This approach works well with dispatchable power sources such as diesel generators but it is not effective for intermittent sources such as RES which are more likely to operate under an algorithm of maximum power tracking (MPPT). At that case, RES units behave as current sources and operate on current control mode (CCM) [1] , [5] . Meanwhile, the ESS operate in VCM being responsible of regulating the bus voltage. Then, under VCM the batteries will be charged or discharged in order to compensate the unbalance between the energy generated by RES and load consumption [16] , [28] .
However, the most effective way of charging a battery is by means of a two stages procedure which involve two different control loops [14] . First, the ESS are charged based on the energy unbalance between RES generation and load consumption, at this moment, the power is limited by droop control loops, then the ESS operate under VCM. Subsequently, when the voltage per cell reach a threshold value (V r ), known as the regulation voltage (typically 2.45 ± 0.05 volts/cell), the battery voltage should be kept constant and the current at the battery will approach to zero asymptotically, and once it falls below a certain value, the battery may be considered as fully charged [14] , [29] . At this point, each ESS draws as much power as needed to keep its battery voltage at V r [15] . Because of this, each ESS operates on CCM and the RES must assume the responsibility of bus voltage regulation. As a consequence, the RES change their operation mode to VCM. To be more precise, the primary control of each distributes energy resource is composed by two control loops (VCM and CCM) and they should be able switch between them as is shown in Fig. 2 . In light of the above, the operation of each RES and ESS in the microgrid should be accompanied by a decision-maker strategy in order to switch between controllers. Bus-signaling method, by using different bus voltage/frequency thresholds, is used to trigger the changes at the operation mode for RES and ESS in a coordinated way [5] , [16] .
At this paper in order to simplify the analysis an islanded microgrid composed by two RES (PV and WTG), loads, and two banks of valve regulated lead-acid (VRLA) batteries, as the one shown in Fig.  2 , will be consider.
A. Reactive power sharing
Since voltage bus signaling will be used for determining the transitions between control modes at each distributed energy resource, reactive power Q − E control loops play an important role. Conventional Q − E droop controllers defined by the following equation:
are used in order to share equally the reactive power flow between units in a microgrid. In (1) E is the voltage amplitude in the common bus, Q is the reactive power at the respective unit, E * is the voltage reference and n is the droop coefficient [27] .
At this application only the units working under VCM are responsible of reactive power flow, for that reason they will establish the amplitude of the output voltage E in accordance to (1) . To be more precise, ESS and RES units, interchange the responsibility of the reactive power flow. Since bus voltagesignaling is used for triggering the changes at the decision-makers, a positive droop coefficient (n) is defined for ESS and a negative droop coefficient (n) is defined for RES. In this way it is possible to (1) is redefined as:
where (Q Bati ) and (Q Resi ) represent the reactive power flow at each ESS and RES respectively. The droop coefficient n is calculated for a voltage deviation smaller than 5% at the common bus. Fig.  3 represents graphically the operation of the Q − E droop control loop.
B. Decision-maker operation
Decentralized finite state machines with two states are used at each RES and ESS unit in order to coordinate the changes at the control operation mode. The transition between operation modes are triggered by bus voltage/frequency-signaling, the battery array voltage (V Bati ), and the power comparison when the MPPT value is smaller than the generated power for ESS and RES respectively. Fig.  4a shows the Moore finite state machine proposed for ESS, where the input variables are defined by the following equations:
where f req ACbus is the frequency at the common bus, and f req t is the threshold frequency.
Likewise, Fig. 4b shows the Moore finite state machine established for RES, and the input variables are defined by the following equations: 
where P MPPT is the power reference given by the MPPT algorithm, and P RESi is the power generated for each RES unit.
III. FUZZY ADJUSTMENT FOR SOC BALANCE
When batteries are in the process of charge or discharge, the power balance is managed by P − ω droop control loops [27] . Therefore, the frequency at the common AC bus given by the following equation:
where m is the droop coefficient, ω is the angular frequency at the common bus, ω * is the reference of the angular frequency, and P Bati is the power driven at each ESS. If we consider differences in the droop coefficients (m) at each ESS, the battery with the lowest m will inject/extract more power to/from the grid in order to keep the power balance in the microgrid [2] . For that reason, the ESS with the lowest m will be charged or discharged faster than the other.
For energy storage equalization, it is desirable that the battery with the lowest SoC will be charged faster than all the others and in this way ensuring stored energy balance. Then, a smaller m should be assigned to that battery. Likewise, when batteries are supplying power to the microgrid, it is desired that a larger m is assigned to the battery with the lowest SoC, in order to prevent a deep discharge and balance the stored energy. Accordingly, the SoC can be equalized when correct values of m are assigned to each ESS. In addition, the value of m has to be adjusted when the different SoC's approach between them.
In particular, a FIS can easily summarize all the qualitative knowledge, expressed above, about the expected behavior of the system in order to weight the droop coefficient at each ESS based on its own SoC [16] . Therefore, a fuzzy weighting factor W (SoC Bati ) is proposed for weighting the droop coefficient as is shown in Fig. 5 SoC Bat2 > SoC Bat1 . As a result, equation (9) is rewritten as:
Given the above points, a Mamdani FIS has been proposed in order to establish the weighting factor W(SoC) at each ESS based on its corresponding SoC. This kind of FIS are usually used in feedback control mode, because they are computationally simple, present low sensibility to noise in the input, what is important in power system, and they can easily represent the knowledge about the expected control action [30] . The knowledge is represented by means of rules in the form if-then and synthesized in form of an input-output mapping between the antecedent and the consequent [30] . The consequent of the proposed FIS is the weighting factor W(SoC), and the antecedents are the SoC and the sign of the frequency deviation (sgn(Δω)) defined by the following equation:
For the SoC three membership functions have been defined with the linguistic labels "Small", "Medium" and "High" as is shown in Fig. 6a . Likewise, for the sgn(Δω) two singleton membership functions have been defined with the linguistic labels "N" and "P" (see Fig. 6b ). Finally, for the output W(SoC) three singleton membership function have been defined with the linguistic labels "S", "M" and "H" (see Fig.  6c ). To conclude, the proposed rule base is summarized as follows:
1 
If SoC is High and sgn(Δω) is N then W(SoC) is S
If SoC is High and sgn(Δω) is P then W(SoC) is H
The SoC is estimated by ampere-hour (Ah) counting method [15] ,
where SoC(0) is the initial SoC, C bat is the battery array capacity, and I bat is the current of each battery. Fig 7 shows the control curve of the FIS. We can see from Fig. 6 and 7 that the droop coefficient m for each ESS will be weighted between 0.1 to 0.9 of its nominal value.
IV. RES DROOP CONTROL LOOPS
As mentioned before, all the RES units change their operation mode to VCM once all the battery arrays reach the threshold voltage V r . Despite, the droop control action described by equation (9) allows to share equally the active power flow between units, this is not practically possible when different RES are used in the microgrid. To be more precise, each RES unit has its own power rating and its own maximum power point. For that reason, it is not possible to ensure that all RES units can contribute equally on the power sharing. Therefore, the power contribution of each RES should be arranged in 
accordance to its maximum power point. For that reason, a weighting factor 1000/P MPPTi is applied to (9) then,
where P MPPTi is the reference given by the MPPT algorithm for each RES, and P RESi is the power supplied by each RES under VCM operation.
V. SIMULATION RESULTS
A MATLAB/simulink model of the microgrid has been used in order to test and compare the performance of the microgrid with and without the use of the weighting factor W(SoC). The microgrid is composed by a (PV+ESS) and a (WTG+ESS) generators as shown in Fig. 2 . The microgrid has been designed to supply a nominal resistive load in a balanced three phase system. Detailed models of the VRLA battery arrays are used as proposed in [15] , for simulating the batteries. A bank of batteries of 672V is used to ensure the nominal bus voltage with a modulation index around 0.9 in order to avoid over-modulation at the PWM signal. Table I summarizes the main characteristics of the microgrid. Fig. 8 summarizes some results under changes at the power generated by RES. At this case, it is assume that the energy generated by both RES is the same and they change from 500W to 1500W at Time = 10s. An initial SoC of 75% for battery 1 (Bat1) and 85% for battery 2 (Bat2) has been established. At the top part of Fig. 8 (No Fuzzy  Factor) , we can see the voltage at the DC bus of each ESS (V Bat1 and V Bat2 ), the power in the load (P Load ), the power at each RES (P Res1 and P Res2 ), and the power at each ESS (P Bat1 and P Bat2 ), when the fuzzy factor is not used. In the middle of Fig. 8 we can compare the SoC behavior with the fuzzy weighting factor (continuous line), and without the fuzzy weighting factor (dashed line). Finally, at the bottom of Fig. 8 (With Fuzzy Factor) we can see the voltage at the DC bus at each ESS (V Bat1 and V Bat2 ), the power in the load (P Load ), the power at each RES (P Res1 and P Res2 ) and the power at each ESS (P Bat1 Simulation time is split into 4 stages in order to indicate the changes at the operation mode of each RES and ESS. Table II summarizes the changes on the operation mode of each ESS and RES in accordance with times T1 to T4. We can see from Fig.  8 how the SoC of both ESS approach asymptotically one to the other. Additionally, it is possible to see that the system with fuzzy weighting factors reduces the depth of discharge at battery 1. Moreover, both batteries are charged faster taking into account that T1 + T2 + T3 is smaller when the fuzzy factor is used. Apart from that, the peak power of battery 1 is smaller in the system that uses the fuzzy weight factors. We can see after T3 and T4 that the voltage at the battery arrays is kept constant such as recommended in [14] . In T4 it is possible to see that both RES share power equally, since the same MPPT reference value is assumed for both RES. T1  T2  T3  T4  RES1  CCM  CCM  CCM  VCM  RES2  CCM  CCM  CCM  VCM  ESS1  VCM  VCM  CCM  CCM  ESS2  VCM  VCM  VCM  CCM factor is considered. The changes at the control operation mode are also in accordance with Table II . For this case, it is assume that the MPPT reference for RES1 and RES2 are 500W and 250W respectively. At Time = 10s the references values changes to 2000W and 1000W respectively for RES1 and Res2. Such as in the previous case, an initial SoC of 75% for battery 1 (Bat1) and 85% for battery 2 (Bat2) has been established. From Fig. 9 , when the RES change their operation mode to VCM (T4), we can see that the power contribution of each RES is established in accordance to their maximum power point. As a matter of fact, RES1 contribute with more active power than RES2. Table III: Changes at the operation control mode  during a day   T1  T2  T3  T4  PV  CCM  VCM  CCM  CCM  WTG  CCM  VCM  VCM  CCM  ESS1  VCM  CCM  CCM  VCM  ESS2  VCM  CCM  CCM  VCM this case, the maximum power at each RES change every hour by emulating the behavior of real PV and WTG in a day. The nominal power of each RES is 2750W and the battery capacity of each ESS has been set to 20(Ah). From Fig. 10 it is possible to see the fuzzy equalization process for the SoC during a day. Initial SoC of 85% for battery 1 (Bat1) and 95% for battery 2 (Bat2) has been defined. We can see that the SoC is completely equalized after 12 hours. On top of that, Table III summarizes the changes at the control operation mode for all the distributed energy resources in one day.
At the beginning (T1), RES units operate under MPPT, and the batteries are charged or discharged in accordance to the power unbalance between power generation and consumption. Meanwhile, distributed FIS balance the stored energy between batteries, and the SoC is equalized. At (T2) both batteries have reached the threshold voltage at the same time since the SoC has been equalized. At this point, all the distributed energy units change their operation mode as is shown in Table III . At the end of T2, the power reference given by the MPPT algorithm is smaller than the power supplied by the PV generator under VCM operation (P MPPT < P RES1 ). Because of this, RES1 changes its operation mode to CCM but RES2 continuous its operation under VCM during T3. Finally, at T4 RES2 changes its operation mode to CCM, since the reference given by the MPPT algorithm is smaller than the generated power. At the same time, both ESS change their operation mode to VCM, and they start to support the voltage regulation.
VI. CONCLUSIONS
The proposed adjustment of the droop coefficient by using a fuzzy inference system, ensures good storage energy balance for distributed ESS. Additionally, this strategy is absolutely modular, expandable, and it is not required a centralized control. As a matter of fact, it can be used directly when a new active generator has to be added to the microgrid without any modification. Likewise, the proposed method shows additional advantages compared to traditional methods such as asymptotic approximation of the SoC under process of charge and discharge, faster charge in the total of distributed ESS and reduction of the deep of discharge for the ESS with smallest initial SoC among others. Another advantage of the proposed FIS is that the same FIS can be applied to different values of droop coefficient and even more the same FIS can be applied for AC or DC microgrids. On top of that, the microgrid can operate in a stable way under different scenarios without using communications. The use of decision making strategies at each distributed energy resource is required in order to ensure adequate transition between operation control mode and reliable operation. 
